Porcine proliferative enteropathy (PPE) caused by Lawsonia intracellularis (LI) is a global cause for substantial economic losses in the swine industry. Here, we constructed live attenuated Salmonella typhimurium (ST) mutant strains expressing and secreting 4 selected immunogenic LI antigens, namely, optA, optB, Lawsonia flagellin (LfliC), and Lawsonia hemolysin (Lhly); the resultant recombinant strains were designated Sal-optA, Sal-optB, Sal-LfliC, or Sal-Lhly, respectively. Using the BALB/c mouse model, we demonstrate that mice vaccinated once orally, either with a mixture of all 4 recombinant strains or with an individual recombinant strain, show significant (p < 0.05) production of LI-specific systemic immunoglobulin (Ig) G and mucosal IgA responses compared to the Salmonella alone group. Upon restimulation of vaccinated splenocytes with the LI-specific antigens, significant (p < 0.05) and comparable production of interferon-γ responses are found in all vaccinated groups, except the Sal-Lhly group, which shows non-significant levels. Challenge studies were performed in C57BL/6 vaccinated mice. On challenge with the LI (10 6.9 50% tissue culture infectious dose) 14 days post-vaccination, 20% (1/5) of mice in all vaccinated groups, except Sal-Lhly group, show the presence of the LI-specific genomic DNA (gDNA) in stool samples. In contrast, 40% (2/5) and 60% (3/5) of mice vaccinated with the Sal-Lhly strain and the attenuated Salmonella alone, respectively, were found positive for the LI-specific gDNA. Furthermore, 0% mortality was observed in mice vaccinated against the ST challenge compared to the 30% mortality observed in the unvaccinated control group. In conclusion, we demonstrate that the Salmonella-based LI-vaccines induce LI-specific humoral and cell-mediated immunities, and encompass the potential to offer dual protection against PPE and salmonellosis.
INTRODUCTION
Lawsonia intracellularis (LI) is a gram-negative obligate intracellular bacterium causing proliferative enteropathy (PE) in various animals, most notably pigs [1, 2] . The infection is characterized by proliferation of immature crypt cells and thickening of the intestinal mucosa, which is manifested by diarrhea and decreased growth rate in weaned piglets [3] . Porcine PE (PPE) is prevalent in various pig rearing countries, including Korea, Sweden, Denmark, and other European countries, triggering substantial economic losses in the global swine industry [3] [4] [5] . Antibiotics, particularly chlortetracycline, tiamulin, tylosin, and lincomycin, have been used in susceptible populations to control the disease [1] . However, due to the emergence of antibiotic resistance and increased stringency in regulations of antibiotic application in the meat industry, the use of antibiotics is restricted and impractical [6] . Considering the above constraints, vaccination of pigs with an effective LI vaccine is a viable strategy to prevent PPE. Although live attenuated commercially available LI vaccines mitigate the clinical symptoms, the vaccination fails to completely prevent the infection [7] . In contrast, natural infection elicits sterile immunity and provides complete protection against re-infection [7] . It has been reported that pigs infected with LI bacteria have a higher risk factor for Salmonella shedding in feces [8] . Like PPE, salmonellosis, caused by Salmonella typhimurium (ST), has a similar infectious niche and clinical outcomes. Both pathogens likely have indirect interactions that might be mediated by other members of the gastrointestinal microbes, resulting in altering the composition of the intestinal microbiome [9] . Moreover, profound disease symptoms have been noticed in pigs upon concurrent infections with LI and Salmonella. In accordance with this notion, novel vaccination strategies need to be devised that are not only safe, but can provide dual protection against PPE and salmonellosis in pigs.
Till date, virulence factors related to LI pathogenesis have rarely been identified. Recently, the intensive immunoreactive band of ~72 kDa, which was identified as Lawsonia autotransporter A (LatA) protein, has been detected in sera collected from the LI-infected pigs [10] . Based on their potential antigenicity and functionality, the LatA protein located on the LI outer membrane is cleaved into 2 highly immunogenic domains, namely optA and optB [11] . Furthermore, a single flagellar motor on LI is associated with the intracellular motility and initial invasive characteristics [12] . A previous study indicated that a putative LI flagellin and related hook-associated protein show immunogenic traits comprising toll-like receptor 5-stimulating activity and interleukin (IL)-8 cytokine expression [13] . The antigenic features of putative Lawsonia hemolysin (Lhly) A protein is also demonstrated in a recent study [14] , which is highly similar to RNA methyltransferase of hemolysinlike molecule (i.e. TlyA protein), a virulence factor found in Mycobacterium tuberculosis pathogenesis [15] . In this study, vaccine candidates against PE were developed using the live attenuated Salmonella vector system employing the optA, optB, Lawsonia flagellin (LfliC) and Lhly proteins [16, 17] . This strategy is expected to allow differentiation of infected from vaccinated animals. Here, we report the construction of attenuated ST mutant strains expressing and secreting optA, optB, LfliC, and Lhly, and evaluate the immunogenicity of these vaccine constructs in mice model. We show that vaccination of mice, either with a cocktail of all 4 recombinant strains or with an individual recombinant strain, induces LI-specific humoral and cell mediated immune responses and partial protection against the LI challenge. We further demonstrate that Salmonella-based LI vaccines offer complete protection against salmonellosis.
MATERIALS AND METHODS

Bacterial strains and plasmids
The bacterial strains, plasmids and primer pairs used in this study are listed in Table 1 . The JOL912 ST mutant strain was used to deliver the LI-specific vaccine antigens. An asd + plasmid (pJHL65) was used for cloning and expression of LI antigens in the JOL912 strain. All bacterial strains were incubated at 37°C in Luria-Bertani broth. The live attenuated LI strain (Enterisol Ileitis; Boehringer Ingelheim Vetmedica, Inc., USA) was purchased, and dissolved in sterile phosphate buffered saline (PBS; pH = 7.2). Final concentration of the strain was adjusted to 10 6.9 50% tissue culture infectious dose (TCID50) per 100 µL volume for the challenge experiment.
Construction of attenuated Salmonella mutants expressing and secreting LI antigens
The optA, optB, LfliC, and Lhly gene sequences of LI strain acquired from the National Center for Biotechnology Information databases were chemically synthesized (Bioneer, Korea) and built into the pJHL65 plasmid, an asd + vector for protein expression, as previously described [18] . The selected antigenic genes were cloned in the frame downstream to the beta-lactamase signal sequence (bla SS), thereby facilitating secretion of the target proteins from the Salmonella strain (Supplementary Fig. 1 ). The recombinant plasmids, pJHL65-optA, pJHL65-optB, pJHL65-LfliC, and pJHL65-Lhly, were subsequently transformed into an asd gene-deleted (Δasd) mutant of attenuated ST, JOL912, and the resultant strains were designated as JOL1607 (Sal-optA), JOL1592 (Sal-optB), JOL1659 (Sal-LfliC), or JOL1744 (Sal-Lhly), respectively. Presence of the respective gene in JOL912 was confirmed by colony polymerase chain reaction (PCR) and restriction enzyme analysis. The JOL912 strain was attenuated by the deletion of lon, cpxR, and asd genes from the wild type ST (JOL401 isolate) by applying an allelic exchange method, as described in a previous study [18] . The LI-specific proteins expressed by the recombinant strains were confirmed in the culture supernatants by performing Western blot analysis using polyclonal LI-specific rabbit hyperimmune serum.
To determine the LI-specific antibody responses in vivo, optA, optB, LfliC, and Lhly genes were inserted into a pET28a (+) expression vector (Novagen, USA), and subsequently transformed into Escherichia coli BL21 plys strain (Novagen) for acquiring the purified protein [16] . The proteins expressed in the E. coli strain were confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blot analysis. The expressed proteins were purified by Ni-NTA chromatographic column. Purified protein concentration was determined by the Bradford assay [19] . For determination of immunogenic domains, BepiPred 1.0 Server (http://www.cbs.dtu.dk/services/BepiPred/) was used to predict the location of linear B-cell epitopes in each LI-specific protein.
Vaccination and challenge studies
All animal experiments involving the use of specific pathogen-free BALB/c and C57BL/6 mice were approved by the Chonbuk National University Animal Ethics Committee (CBNU2015-00085) in accordance with guidelines of the Korean Council on Animal Care and Korean Animal Protection Law, 2007; article 13 (experiments with animals).
Five weeks old female mice (BALB/c for immunogenicity analysis and C57BL/6 for challenge study against LI) were maintained in a clean room equipped with exhaust fan and air conditioner. Groups of 5 mice were housed together in a cage, and all animals were provided antibiotics free deionized water and feed ad libitum. One week later, BALB/c mice were assigned into 6 groups (n = 10) and immunized once orally with either JOL1563, Sal-optA, Sal-optB, Sal-LfliC, Sal-Lhly, or a co-mixture of Sal-optA plus Sal-optB plus Sal-LfliC plus Sal-Lhly. The JOL1563 strain carries an empty pJHL65 vector. In this study, 10 7 colony-forming unit (CFU) of each bacterial strain or the co-mixture (i.e. 2.5 × 10 6 CFU each) diluted to a final volume of 100 µL in PBS, were used for vaccination. Serum (n = 5) and vaginal wash samples (n = 5) were obtained on the day of vaccination (pre-vaccination) and weekly, to evaluate the LI-specific and Salmonella ompA-specific serum immunoglobulin (Ig) G and vaginal secretory IgA (sIgA) humoral responses until week 6 post-vaccination. For the challenge studies, C57BL/6 mice were randomly assigned into 6 groups (n = 30) and immunized once with either JOL1563, Sal-optA, Sal-optB, Sal-LfliC, Sal-Lhly, or a co-mixture of Sal-optA plus Sal-optB plus Sal-LfliC plus Sal-Lhly, via the oral route. Immunization was achieved by administering 10 7 CFU of each bacterial strain and the co-mixture (i.e. 2.5 × 10 6 CFU each). At 2 weeks after the vaccination, all immunized mice were challenged with oral administration of 10 6.9 TCID50 live attenuated LI bacteria. Stool samples (n = 5) were obtained to determine the presence of LI-specific genomic DNA (gDNA) by PCR assay at days 0, 3, 6, 7, 8, and 9 post-challenge [20] . The LI-specific protection is presented as the number of animals positive for gDNA to the total number of animals in that group. Furthermore, we separately maintained 2 BALB/c mice groups (n = 10) vaccinated once orally with either the co-mixture of 4 vaccine candidates (total 10 7 CFU) or sterile PBS (100 µL); 4 weeks later, these animals were inoculated with 100 µL of a suspension containing 2 × 10 9 CFU of a wild type ST strain JOL401 via the oral route, as described previously [16] . The Salmonella-specific protection efficacy was evaluated in the context of bacterial recovery from the spleen, and mortality of animals post-challenge.
Antigen-specific enzyme-linked immunosorbent assay (ELISA)
An indirect ELISA was used to measure the LI antigen-specific IgG and sIgA responses in sera (n = 5) and in vaginal wash samples (n = 5), respectively, as described previously [21] . Salmonella-specific IgG and sIgA responses was also evaluated in vaccinated mice. Recombinant LI proteins (500 ng/well) and ompA (250 ng/well) were applied as the coating antigens to determine the titers of LI-specific and Salmonella-specific antibody, respectively.
Analysis of cytokine responses in vaccinated mice
Splenocytes (1 × 10 6 cells/mL, n = 5) were isolated from the BALB/c vaccinated mice at day 14 post-vaccination, and subsequently pulsed with 200 ng LI-specific antigens for 24 h. Total RNA was isolated by the RNeasy Mini kit (Qiagen, Germany), as per the manufacturer's instructions. Complementary DNA was prepared by using the SuperScript™ III Reverse Transcriptase kit (Invitrogen, USA), as previously described [16] . Quantitative real time PCR (qRT-PCR) assay was performed to assess the cytokine gene expression using Power SYBR Green PCR Master Mix (Applied Biosystems, USA) [16] . The primer pairs were obtained from previous literature [22] . The relative amounts of cytokine messenger RNA (mRNA) present (normalized with glyceraldehyde 3-phosphate dehydrogenase) was determined by the 2 -∆∆CT method [23] .
Statistical analysis
All data are analyzed using the GraphPad prism 6.00 program (GraphPad, USA). Statistical significance in antibody responses and LI-specific protection post-challenge are examined using the Kruskal-Wallis test with Dunn's multiple comparison test. The significance in cytokine responses are examined using 1-way analysis of variance with Tukey's multiple comparison tests. A non-parametric χ 2 test analyzes significant differences in mortality postSalmonella challenge. The results are expressed as mean ± standard deviation. The p values less than 0.05 are considered significant.
RESULTS
JOL912 efficiently expressed and secreted LI-specific proteins
To construct the attenuated Salmonella mutant strains expressing and secreting LI antigens, we predicted highly antigenic epitopes of LatA, LfliC, and Lhly using the BepiPred 1.0 Server program (http://www.cbs.dtu.dk/services/BepiPred/) based on protein characteristics such as structural domains, hydrophilicity residues, antigenicity and surface possibility (Supplementary Fig. 2) . Two immunogenic regions consisting of amino acid residues from 101-200 and 534-851 were chosen in LatA and designated as optA and optB, respectively, while the full length LfliC and Lhly were selected for expression in the Salmonella system. The insertion of optA, optB, LfliC, or Lhly into the pJHL65 vector was confirmed by digestion of the positive clones with EcoR1 and HindIII to release fragments of 300, 957, 885, and 756 bp, respectively. Subsequently, the pJHL65-optA, pJHL65-optB, pJHL65-LfliC, or pJHL65- 
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Lhly recombinant plasmid was electroporated into the JOL912 strain for protein expression.
Immunoblotting analysis demonstrated that the JOL912 strain efficiently expresses and secretes optA, optB, LfliC, and Lhly proteins in the culture supernatants of the respective recombinant strain (Supplementary Fig. 3) . In this study, we observed that the LI proteins were biologically active, as evidenced by the elicitation of the antigen-specific immune responses in vaccinated mice.
Systemic IgG and mucosal IgA antibody responses post-vaccination
To investigate the effect of Salmonella-based LI vaccines on the systemic and mucosal antibody responses, serum and vaginal wash samples collected from BALB/c vaccinated mice were analyzed for IgG and sIgA responses, respectively. All the vaccinated groups showed significant (p < 0.05) increase in L1-specific IgG and sIgA responses compared to the Salmonella alone group. Among the groups vaccinated by individual Salmonella-based vaccine candidates, significantly (p < 0.05) higher IgG responses were observed in Sal-optA and SalLfliC groups at 2 weeks post-vaccination as compared to the Sal-optB and Sal-Lhly vaccinated groups; however, comparable IgG responses were observed in all groups at 4 and 6 weeks post-vaccination (Fig. 1A) . Peak IgG titers were observed at 4 weeks post-vaccination in all groups, which remained constant till 6 weeks post-vaccination (Fig. 1A) . Considering the vaccination with mixture of all 4 strains, significantly (p < 0.05) higher IgG responses were observed against optB followed by optA, while the titers were comparable for LfliC and Lhly (Fig. 1B) . Our results further demonstrate that peak IgG titers were found at 4 weeks postvaccination, and the titers were slightly higher than that observed with individual vaccine candidates ( Fig. 1A and B) . Among the groups vaccinated with individual vaccine candidates, the sIgA titers were significantly (p < 0.05) higher in animals receiving Sal-Lhly at 2 and 4 weeks post-vaccination as compared to other groups, where comparable sIgA responses are observed at 4 weeks post-vaccination (Fig. 1C) . Vaccination with a mixture of all the 4 strains highest sIgA responses were observed against optA, followed by optB and Lhly, and the least response against LfliC (Fig. 1D) . Peak sIgA responses were observed at 4 weeks postvaccination against all the LI-specific antigens, which were maintained till 6 weeks (Fig. 1D) . Our data further demonstrates that animals vaccinated with a mixture of all the 4 strains show significantly (p < 0.05) higher LI-specific sIgA responses compared to vaccination with the individual vaccine strains.
Cytokine responses post-vaccination
To investigate the effect of Salmonella-based LI vaccines on the cytokine responses postvaccination, we sacrificed mice (n = 5) at 14 days post-vaccination. Splenocytes were subsequently collected for analysis of T helper cell type (Th) 1 (interferon [IFN]-γ) and Th2 (IL-4) cytokines by qRT-PCR assay. Considering the groups vaccinated by individual vaccine candidates, IL-4 mRNA induction levels were found significantly (p < 0.05) higher in the SaloptA group followed by the Sal-LfliC group, whereas least responses were observed in the SaloptB and Sal-hly groups ( Fig. 2A) . Lowest levels of IFN-γ were observed in the Sal-Lhly group, whereas Sal-optA, Sal-optB, and Sal-LfliC groups showed significantly (p < 0.05) higher levels ( Fig. 2A) . Similar kinetics and induction levels were observed in the group vaccinated with a mixture of all 4 strains (Fig. 2B) . However, the IFN-γ levels observed against LfliC were significantly (p < 0.05) higher compared to the levels observed against optA and optB. Our results further indicate that IL-4 and IFN-γ levels are almost comparable in all except the SaloptA vaccinated group, which shows significantly (p < 0.05) higher IL-4 levels compared to the IFN-γ levels. These results therefore suggest that vaccination with the Salmonella-based L1 vaccines stimulates mixed type of Th1 and Th2 immunities.
Vaccination with Salmonella-based LI vaccines provide partial protection against the LI challenge
To assess the protection offered by the Salmonella-based LI vaccines, C57BL6 vaccinated mice were orally challenged with 10 6.9 TCID50 live attenuated LI bacteria. Stool samples were subsequently analyzed for the presence of gDNA to determine the protective efficacy ( Supplementary Fig. 4 ). Our results demonstrate that vaccination with either individual vaccine candidates or cocktail of all 4 strains reduces the gDNA in vaccinated mice by days 7, 8, and 9 post-challenge. In all the vaccinated groups, only 20% (1/5) of mice show gDNA in stool samples by day 8 and 9 post-challenge; however, 40% (2/5) of mice are seen to be positive in the Sal-Lhly group (Fig. 3A and B) . 
Evaluation of immune responses and protective efficacy against salmonellosis
We further evaluated the Salmonella-specific systemic IgG and mucosal IgA responses postvaccination, and subsequent protection against Salmonella challenge. Salmonella ompA-specific IgG and sIgA titers induced by vaccination with the respective candidates were significantly (p < 0.05) higher from the 2nd week till the end of the experiment. Peak IgG titers were observed at 4 weeks post-vaccination that remain constant till 6 weeks (Fig. 4A) , whereas IgA titers peak at 6 weeks post-vaccination (Fig. 4B) . Furthermore, compared to the sIgA titers, IgG titers were significantly higher at all time points post-vaccination. The survival rates of vaccinated and PBS control mice following lethal challenge with wild-type ST were evaluated to assess the protection rate against salmonellosis. Our results demonstrate that mice vaccinated with Salmonella-based LI vaccine candidates show 100% survivability, whereas 30% mortality is observed in the PBS control group (Fig. 5A) control and vaccination groups were euthanized 18 days post-challenge, and their spleens were collected aseptically for determination of bacterial count. Our data shows that the PBS control mice have a significantly (p < 0.05) higher bacterial load than the vaccinated mice (Fig. 5B) . The challenge strain recovered from spleen of unimmunized mice (3.82 ± 0.45 log 10 CFU/g) was 76 times higher than the recovery from immunized mice (1.92 ± 0.22 log 10 CFU/g), thereby indicating that the Salmonella-based LI vaccines offer significant protection against Salmonella infection.
DISCUSSION
This study aimed to investigate whether Salmonella-based LI vaccines induce LI-specific immune responses and subsequent protection against PPE and salmonellosis. Causative pathogens for PPE and salmonellosis are both intracellular enteric bacteria and have similarity in both the infection route and resident niche [1, 24] . It has been reported that concurrent infections of LI and Salmonella in pigs result in more profound symptoms rather than those associated with either type of infection, suggesting a synergistic type of interaction between LI and Salmonella [9] . Considering the pathogenic mechanisms of 2 enteric pathogens, the development of efficient vaccines that provide concurrent protections against salmonellosis and PPE may have enormous advantages for the swine industries. In this context, we genetically engineered a live attenuated Salmonella based recombinant system delivering LI-specific antigens to elicit efficient protection against both PPE and salmonellosis. For the development of an efficient vaccine against a pathogenic organism, target antigens are generally determined based on the virulence factors such as toxins, fimbriae, flagellin, and membrane proteins. In this study, based on their antigenic and virulence characteristic features, the LI proteins including Lat2, LfliC, and Lhly were selected for vaccine development. Our study demonstrates that mice vaccinated with either the individual vaccine candidates or a cocktail of recombinant Salmonella strains induce LI-specific and Salmonella-specific systemic and mucosal immunities, providing partial protection against PPE and complete protection against salmonellosis.
Using bla SS, we further demonstrate that LI-specific antigens are efficiently expressed and actively secreted by the Salmonella system. The expressed proteins are immunologically active, as evidenced by the immunoreactivity with the polyclonal LI-specific sera and elicitation of antigen-specific immune response in vaccinated mice. The in vitro expression of optA and LFliC in Western blot analysis is relatively weak compared to expression levels of optB and LHly. Considering the live Salmonella vector system was employed in this study, the amount of protein expressed in vivo in the live vector may not be exactly reflected by in vitro expression of the antigenic protein. The present study indicates that vaccination with Salmonella-based LI vaccines generate efficient systemic and mucosal antibody responses, although the LIspecific antibody response does not correlate with the clinical protection observed against PPE. The LI-specific sIgA responses were highest in mice administered the Sal-Lhly vaccine, but this group shows least protection against the LI challenge. The LI-specific IgG responses are comparable in all vaccinated groups, suggesting that humoral immunity has a minimal role in preventing the clinical infection. Given that cellular immune response plays a pivotal role in controlling the PE infection [25] , we evaluated the production of IFN-γ responses in the stimulated splenocytes following inoculation with the Salmonella-based LI vaccines. We observed significantly higher IFN-γ responses in groups vaccinated with Sal-optA, Sal-optB, and Sal-LfliC, compared to the mice administered the Sal-Lhly vaccine. Earlier studies have validated the primers and reaction method used in this study for quantification of copy number in mouse samples [22] . Although ELISA results are considerably more accurate for cytokine quantifications, the mRNA levels obtained in this study also represent an indirect indication in increase of cytokine levels. Consequently, the percentage of mice showing LI infection was low (1/5) in these groups. The mice vaccinated with a mixture of all 4 strains show significantly less IFN-γ responses against Lhly, which explains why the protection rate is lower in the group receiving the Sal-Lhly vaccine. In a previous study, Smith et al. [26] also indicated that IFN-γ is responsible for limiting intracellular dissemination of LI in a mouse model. Our study further demonstrates that the Salmonella-based LI-vaccine candidates simultaneously offer protection against both LI infection and salmonellosis in a mouse model, thereby demonstrating their potential to act as cost-effective bivalent vaccines.
In summary, we found that Salmonella-based LI vaccine candidates have a potential preventive role in the affected host, considering that the injection effectively elicits pathogenspecific humoral and cellular immunity and confers robust protection against both PE and salmonellosis. This work is a preliminary study to determine the potential immunogenicity and protective efficacy of vaccine candidates against LI. Although all the immunological parameters tested in mice may not exactly represent the true immune response of pigs, a certain level of humoral immunity or CMI may be expected in the pig model via this preliminary data. Further studies are required to assess the immunogenicity and efficacy of these vaccine candidates, and elucidate their defense mechanism in natural hosts. Supplementary Fig. 1 Components of the pJHL65 plasmid carrying LI-specific genes. The asd + plasmid with pBR ori has a constitutive expression promoter system and bla SS that directs the expressed protein out of the cell. Supplementary Fig. 2 In silico prediction of the linear B-cell epitopes of each LI antigen. Linear B-cell epitopes were predicted for antigenicity of LI antigens. The BepiPred program (http://www.cbs.dtu.dk/ services/BepiPred/) assigns a score to each individual amino acid in a specific sequence.
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